embryos. Thus, the PDZ-containing proteins PAR-3 and PAR-6 both localize to the anterior cortex (EtemadSequencing of zyg-8 mutant alleles demonstrates that both domains are essential for function. ZYG-8 binds Moghadam et al., 1995; Hung and Kemphues, 1999). Conversely, PAR-2, a ring finger-containing protein, and to microtubules in vitro, colocalizes with microtubules in vivo, and promotes stabilization of microtubules to PAR-1, a Ser/Thr protein kinase, both localize to the posterior cortex (Boyd et al., 1996; Guo and Kemphues, drug or cold depolymerization in COS-7 cells. Our findings demonstrate that ZYG-8 is a MAP crucial for proper 1995). Despite the wealth of information on components establishing polarity in this and other systems, little is spindle positioning in C. elegans, and indicate that the function of the Doublecortin domain in modulating known about how polarity is coordinated with modulation of cytoskeletal behavior to achieve accurate spindle microtubule dynamics is conserved across metazoan evolution.
position. Here, we show that zyg-8 is a key component directing spindle positioning in one-cell stage C. elegans embryos.
Introduction
In zyg-8 mutants, the spindle moves in an exaggerated manner toward the posterior during anaphase. We esAsymmetric divisions are central to the generation of tablish that this results from a defect in microtubule cell fate diversity. During development, asymmetric diviassembly and that zyg-8 encodes a Doublecortin-related sions often give rise to daughter cells that differ not only kinase that protects microtubules against depolymerizain fate, but also in size. For such divisions to occur in tion. Our work reveals that stabilization of microtubules animal cells, the mitotic spindle must be asymmetrically during anaphase is necessary for polarity to translate localized by the end of anaphase, when the cleavage into appropriate asymmetric spindle positioning. furrow is specified to bisect the mitotic spindle (reviewed in Rappaport, 1971).
Microtubules play an important role in spindle posiResults tioning in many organisms. Thus, an intact microtubule cytoskeleton is required for proper positioning of the zyg-8 Mutant Embryos Have Spindle Positioning Defects spindle in Drosophila neuroblasts or in budding yeast (Kaltschmidt et and along the AP axis ( Figure 1A, top) . Second, during Figure  2B ), PAR-2 and PAR-1 to the posterior cortex (22/22 after referred to as zyg-8 mutant embryos). In ‫%92ف‬ (10/34) zyg-8 mutant embryos, rotation of the centroand 22/23 embryos, respectively; Figures 2D and 2F), while P granules were segregated to the posterior (21/ somes was less than 45Њ, and the spindle set up transverse to the AP axis (Table 1) . In most of these embryos 21 embryos; Figure 2H ). These observations indicate that exaggerated posterior anaphase spindle displace-(9/10), the spindle drifted toward the anterior or lateral cortex during anaphase. In ‫%17ف‬ (24/34) zyg-8 mutant ment in zyg-8 mutant embryos does not result from defects in AP polarity. embryos, rotation was between 45Њ and 90Њ, and the spindle set up in the cell center and along the AP axis, We next investigated whether this phenotype was due to a lack in communicating polarity cues to the cytoskellike in wild-type (Table 1; Figure 1D , top). However, in the vast majority of these embryos (23/24), the spindle eton. If communication was abolished, then spindle positioning in zyg-8 mutant embryos should not be sensiwas displaced in a strikingly exaggerated manner toward the posterior during anaphase (Figure 1D, middle; tive to changes in AP polarity. To test whether this was the case, we examined spindle positioning in zyg-8 mu- Figures 1E and 1F) . Movies of anaphase spindle positioning in wild-type and zyg-8 mutant embryos can be tant embryos in which AP polarity was altered by removing par-3, par-2, or par-1 function. We restricted our viewed at http://www.embl-heidelberg.de/ExternalInfo/ hyman/Data.htm.
analysis to embryos in which the rotation was between 45Њ and 90Њ, as such embryos almost always undergo We found similar spindle positioning defects in 7/9 nonconditional and 6/6 temperature-sensitive zyg-8 alexaggerated posterior spindle displacement during anaphase in the absence of zyg-8 function alone. We found leles (Table 1 and Experimental Procedures). Importantly, these phenotypes were also observed in the progthat exaggerated posterior displacement no longer took place in most zyg-8 par-3 double mutant embryos, as eny of animals transheterozygous for zyg-8(t1650) and tDf5, a deficiency uncovering the region to which zyg-8 well as in zyg-8 mutant embryos in which par-2 or par-1 function was silenced by RNAi; instead, the anaphase has been mapped genetically (Table 1) . These findings provide strong evidence that spindle positioning defects spindle was typically located toward the embryo center ( Figures 2I-2K ). These observations demonstrate that result from a diminution in zyg-8 function. While there were other less penetrant phenotypic manifestations in zyg-8 mutant embryos respond to changes in AP polarity, indicating that communication between polarity zyg-8 mutant embryos ( We next investigated whether the zyg-8 mutant phenotype may result from defects in the microtubule cyExaggerated posterior spindle displacement during anaphase could be due in principle to a primary defect toskeleton. We found that microtubules in zyg-8 mutant embryos were essentially indistinguishable from wildanaphase microtubules were observed in two other zyg-8 alleles (t1518 and t1547). type prior to anaphase (Figures 3A and 3B, and data not shown). During anaphase, however, astral microtubules While examining fixed specimens by indirect immunofluorescence microscopy, we noted that there was no were markedly shorter than normal ( Figures 3C and 3D ). The longest astral microtubules projecting toward the significant anaphase B in zyg-8 mutant embryos (Experimental Procedures). In wild-type, the average distance anterior cortex were 17.4 m on average in wild-type (SD ϭ 0.8; n ϭ 15), but only 13.0 m (SD ϭ 1.7; n ϭ 15) between the two spindle poles increased from 10.9 m (SD ϭ 0.8; n ϭ 13) in metaphase to 15.2 m (SD ϭ 2.5; in zyg-8 mutant embryos. As a result, while many astral microtubules were in the immediate vicinity of the anten ϭ 13) in anaphase. In contrast, there was no increase in the average pole to pole distance between metaphase rior cortex in wild-type, the longest astral microtubules were on average 3.4 m (SD 1.4; n ϭ 15) away from it (11.7 m; SD ϭ 1.1; n ϭ 11) and anaphase (11.5 m; SD ϭ 1.0; n ϭ 22) in zyg-8 mutant embryos. Nevertheless, in zyg-8 mutant embryos. Astral microtubules projecting toward the posterior cortex were similarly shorter; in sister chromatids always separated (see Figure 3D ). To address whether the observed alterations in anaaddition, spindle microtubules may be affected as well, since the spindle often appeared somewhat wider than phase microtubules were causing exaggerated posterior spindle displacement in zyg-8 mutant embryos, we in wild-type (see Figure 5E ). Similar global alterations in asked whether this phenotype could be generated by Therefore, shorter/less stable microtubules during anaphase indeed cause excess posterior spindle displacesubjecting wild-type anaphase embryos to the microtubule-destabilizing agent nocodazole. We found this to ment and likely explain the zyg-8 mutant phenotype. In summary, our phenotypic analysis indicates that be the case for 14/15 embryos tested ( Figures 3E-3G ). 
zyg-8 function normally promotes microtubule assembly
and added to increasing amounts of taxol-stabilized microtubules. ZYG-8 bound to microtubules was sepaduring anaphase, ensuring proper spindle positioning and asymmetric cell division. rated from unbound ZYG-8 by sedimentation through a glycerol cushion; following SDS/PAGE, the pellet and supernatant fractions were quantitated by autoradiograzyg-8 Encodes a Doublecortin-Related Kinase phy and densitometry. After correcting for the small We sought to identify the molecular nature of zyg-8.
amount of ZYG-8 pelleted in the absence of microtuWe found that injection of dsRNA corresponding to a bules, we found that ‫%03ف‬ ZYG-8 cosediments with 10 candidate ORF in the interval to which zyg-8 had been M microtubules ( Figure 5A ). mapped genetically yielded progeny with a zyg-8 like We next generated a ZYG-8::GFP fusion protein to phenotype (Gö nczy et al., 2000) . Two corresponding examine ZYG-8 distribution in living embryos. The fusion partial cDNAs were sequenced, and RT-PCR utilized to construct rescued the maternal-effect embryonic lethalobtain the 5Ј end of the transcript, which is predicted ity of two zyg-8 mutant alleles (Experimental Proceto encode an 802 aa protein ( Figure 4A ). We sequenced dures), indicating that GFP distribution likely reflects this gene in zyg-8 mutant alleles, which led to the identifithat of endogenous ZYG-8. Using dual time-lapse DIC cation of four nonsense mutations that result in stop and fluorescence spinning disc confocal microscopy, codons in the predicted protein sequence at positions we determined that ZYG-8::GFP concentrates in areas 35, 312, 315, and 542, respectively, and of a mutation of high microtubule density, such as the spindle and in a splice donor consensus sequence that is predicted spindle poles during mitosis ( Figures 5B and 5C ). In to result in a truncated protein ( Figure 4B) . Surprisingly, addition, ZYG-8::GFP is present at low levels in the cytothe zyg-8 allele that results in a stop codon at position plasm throughout the cell cycle and detectable at cen-35 is temperature sensitive. While it remains to be elucitrosomes during prophase ( Figure 2000) . In zyg-9 mutant embryos, microtubules are shorter than normal throughout the cell cycle. As a consequence, microtubule-dependent processes that normally occur early in the first cell cycle, such as pronuclear migration, fail to take place. In contrast, pronuclear migration is not affected in zyg-8 mutant embryos. There are other less penetrant phenotypes in zyg-8 mutant embryos. Occasionally, formation of the female pronucleus is delayed, and multiple female pronuclei are present (see Table 1 ), suggesting that zyg-8 plays some role during the meiotic divisions, perhaps during anaphase. In addition, ‫%03ف‬ zyg-8 mutant one-cell stage embryos fail to undergo rotation of the centrosomes, indicating a partial requirement of zyg-8 just where proteins are overexpressed.
6O, and 6R
Thirteen out of fifteen zyg-8 alleles (b235ts, t1441, t1518, t1540, Embryos between metaphase and late anaphase stained with anti-ZYG-9 antibodies were analyzed similarly to measure the distance t1547, t1583, t1638, t1650, or450ts, or478ts, or484ts, or490ts, or535ts) displayed similar spindle positioning defects. In zyg-8(t1608), between the two spindle poles. embryos lost structural integrity upon dissection or mounting on the agarose pad; in utero recordings revealed no other phenotypes.
Nocodazole Treatment In zyg-8(t1681), embryos failed to assemble a spindle; this is likely Two protocols were used to subject wild-type one-cell stage emdue to a linked mutation in another locus, since the progeny of bryos (n ϭ 34) undergoing centration/rotation to nocodazole. In animals transheterozygote for zyg-8(t1681) and zyg-8(t1650) assemmost cases, pronuclear migration was observed in a watch glass bled a normal spindle and displayed canonical spindle positioning containing M9 (Brenner, 1974) , and individual embryos transferred defects.
upon pronuclear meeting to a 2% or 4% agarose pad. The medium was replaced 60-90 s later by M9 containing 100 g/ml (33 M) nocodazole (Sigma). In some cases, embryos were transferred in Anti-ZYG-8 and Anti-PAR-1 Antibodies bulk to the agarose pad, the medium exchanged with that containing ZYG-8 nocodazole, and embryos undergoing centration/rotation selected A fusion between glutathione-S-transferase (GST) and aa 458-802 in for analysis. A coverslip was placed on the agarose pad and tapped ZYG-8 was injected into rabbits according to standard procedures.
gently with forceps to damage the eggshell and render it permeable Anti-GST antibodies were removed by passage through a Hitrap to nocodazole. NHS (Pharmacia) column coupled to E. coli expressing GST. AntiThe 34 embryos fell into three groups. In one group (n ϭ 16), there ZYG-8 antibodies were affinity-purified using a Hitrap NHS column was no apparent effect on the first cell division, probably because coupled to the fusion protein and stored at 0.6 mg/ml. These antiof insufficient exposure to nocodazole. In the second group (n ϭ bodies recognize a band of ‫58ف‬ kDa on Western blots of total worm 3), centration/rotation did not take place and the spindle was barely extract, the expected size of ZYG-8, as well as other bands whose visible, presumably because of excess exposure to nocodazole. In nature is unclear. In embryos, in addition to epitopes specific to the third group (n ϭ 15), centration/rotation took place, in general like ZYG-8 (see heterozygous animals that were left at 25ЊC. Heterozygous F1 rolling Polarity Markers animals were singled and resulting F2 animals tested. 18/28 F2 Unc Distribution of PAR proteins and P granules was determined beRol animals (from four independent lines) gave rise to Ͼ50 progeny; tween early pronuclear migration and late anaphase. AP polarity 0/20 F2 Unc non Rol control animals gave rise to any progeny. A was ascertained usually by the position of the polar bodies, which similar protocol was followed for zyg-8(b235ts), except that injected in general mark the embryo anterior (Goldstein and Hird, 1996) . animals and their F1 progeny initially spent 24 hr at 20ЊC. Nine out Embryos with laterally located polar bodies were not analyzed beof twenty-seven F2 Rol animals gave rise to Ͼ50 progeny; 0/24 F2 cause their polarity could not be unambiguously determined.
non Rol control animals gave rise to Ͼ10 progeny (as in the original Length Measurements strain). GFP::ZYG-8 expressing embryos were analyzed using dual Five wild-type and zyg-8(t1650) mutant (before exaggerated distime-lapse DIC and fluorescence spinning disc confocal microscopy placement) anaphase embryos stained with anti-tubulin antibodies as described (Oegema et al., 2001 ). were analyzed. The three longest astral microtubules projecting toward the anterior cortex were identified in each embryo and imaged. The length of each astral microtubule, as well as the distance Microtubules Copelleting Assays Taxol-stabilized microtubules were prepared from bovine brainseparating it from the cortex, were determined using the public domain NIH image program 1.62b7 (developed at the U.S. National purified tubulin essentially as described (Hyman et al., 1991) . 
